After permanent coronary artery occlusion, the extent of two-dimensional echocardiographically detected dyskinesis correlates well with infarct size. Reperfusion after coronary artery occlusion decreases infarct size; however, contractile function of myocardium salvaged in this way may remain depressed for several weeks. The purpose of this study was to explore the relationship between echocardiographically detected dyskinesis and infarct size in reperfused myocardium. We hypothesized that after transient coronary artery occlusion, the relationship between dyskinesis and infarct size would be altered because of the prolonged depression of contractile function after reperfusion so that dyskinesis would not predict infarct size. We also wanted to explore two related questions:
ISCHEMIC REGIONAL DYSKINESISsystolic expansion of the left ventricle with consequent wall thinningwas described by Tennant and Wiggers in 1935.1 In the same study, the authors also commented on the functional consequences of restoration of blood region size has assumed considerable clinical importance.
After permanent coronary artery occlusion, systolic wall thickening in the ischemic region declines immediately, with the most ischemic segments becoming dyskinetic.7'-2 When such segments were studied sequentially over a 7 day period, there was no substantial improvement.7'8' 12 Because dyskinetic segments improved only slightly after permanent coronary occlusion, it was hypothesized that these segments represented necrotic tissue and therefore that the extent of necrosis could be estimated from the extent of the contractile abnormalities. Using a canine preparation of permanent coronary artery occlusion and two-dimensional echocardiography to measure extent of dyskinesis, Pandian et al. 13 and Wyatt et al.14 showed that dyskinesis correlated well with experimental myocardial infarct size, but infarct size was modestly overestimated. In a clinical study, Weiss et al. 15 similarly correlated the circumferential extent of endocardial motion abnormalities with circumferentially measured myocardial infarction at autopsy and found a significant correlation between the two. Thus estimation of infarct size both experimentally and clinically is possible by two-dimensional echocardiographic analysis of dyskinesis resulting from permanent coronary artery occlusion.
After transient coronary artery occlusion, reperfusion has several effects: infarct size may be reduced,16, 17 but myocardium salvaged in this fashion has prolonged depression of systolic function. ' 20 In studies by Theroux et al. '8 and Bush et al. , 20 recovery of systolic function in transiently ischemic myocardium occurred gradually over a 4 week period after a 2 hr occlusion. Significant improvement occurred by 1 week and was followed by a slower improvement over the remaining 3 weeks. Thus, early after reperfusion the extent of contractile impairment does not predict ultimate contractile behavior. Because functional recovery is delayed, the relationship between infarct size and dyskinesis may be altered.
The principal aim of this study was to answer the following question: Does two-dimensional echocardiographically detected dyskinesis at various periods after coronary artery occlusion and reperfusion correlate with infarct size? We hypothesized that dyskinesis would not correlate with infarct size in reperfused myocardium early after reperfusion because of the initial depression of systolic function after transient ischemia, but that the correlation might improve at 10 days of reperfusion because of the gradual functional recovery of the affected myocardium. We also posed two additional and related questions: (1) What is the relationship between coronary risk region and infarct size in reperfused myocardium? We hypothesized that this relationship would remain linear after a sequence of coronary occlusion and reperfusion; the extent of infarction would ultimately be determined by the size of the perfusion bed served by the occluded artery. (2) Does reperfused myocardium that is dyskinetic but not necrotic after reperfusion respond to inotropic stimulation? We hypothesized that inotropic stimulation of reperfused myocardium would result in improved systolic function in those segments that were dysfunctional but not necrotic, and this might permit differentiation between reversible dysfunction and irreversible infarction.
Methods
Surgical procedures. Sixty-two healthy adult mongrel dogs (18 to 30 kg) were anesthetized with sodium pentobarbital intravenously and underwent a left thoracotomy under sterile conditions. The circumflex branch of the left coronary artery was isolated just distal to the first or second marginal branch, and a balloon occluder was placed around the artery and tested by a brief inflation that occluded the artery and produced visible epicardial cyanosis. The catheter was then brought out of the chest and sutured into the subcutaneous tissue at the back of the neck.
Experimental protocol. Studies were performed between 7 and 10 days after recovery from thoracotomy. During experiments, the dogs were lightly sedated with sodium pentobarbital but they were spontaneously breathing and did not require endotracheal intubation. A lead II electrocardiogram was continuously recorded during the course of the study. Lidocaine (1.5 mg/kg) was administered intravenously before coronary artery occlusion and as needed during the study to control ventricular arrhythmias. Short-axis two-dimensional echocardiograms were obtained at control, during coronary artery occlusion, at 1 or 2 hr of coronary artery occlusion, at 20 min after reperfusion, and at 2 and 10 days after reperfusion. Two different periods of coronary occlusion (1 and 2 hr) were chosen to yield a wide range of infarct sizes and percent dyskinesis, so that comparisons between these parameters would be more meaningful.
An intra-arterial cannula was placed in all study animals to measure blood pressure at 2 or 10 days of reperfusion, and additional echocardiograms during the infusion of dobutamine (approximately 5 to 10 ,ug/min) were obtained. In eight dogs, echocardiograms were also obtained during infusion of dobutamine in the control preocclusion state to ensure that dobutamine would not induce dyskinesis in this animal preparation if infused before coronary artery occlusion.
Echocardiographic studies. Two-dimensional echocardiograms were obtained with a Toshiba SSH-1OA sonolayergraph and a 2.4 MHz electronically phased array transducer. According to the technique of Wyatt et al. ,14 the dogs were placed on a specially constructed examination table on their right side with the right chest wall positioned over an aperture in the table. The transducer was held by hand and directed upward against the right chest wall, and the tomographic images were recorded in the short-axis plane at the papillary muscle level and at the chordal level. Images were recorded on videotape for later stopframe analysis. Time references for the stop-frame analysis were end-diastole, defined as the peak of the R wave on the electrocardiogram, and end-systole, defined as the minimum apparent cross-sectional cavity area. The end-diastolic and endsystolic epicardial and endocardial boundaries were traced from stop-frame images with an Irex digitizing tablet, which stored the images. One representative beat in each condition was selected. Images for analysis were selected only if stable sinus rhythm was present. For consistency we traced the inner borders of both endocardium and epicardium excluding papillary muscles at this level and chordae at the chordal level. The observer who traced and digitized the echocardiographic images was blinded with respect to the presence and size of infarction.
Our analysis system has been previously described in de-tail131 21 and was used in identical fashion in this study to facilitate comparisons with our previous experiments.13 A floating reference system was used to correct for rotational motion of the heart during the cardiac cycle. The internal landmark used with this system was the posterior junction of the right ventricular free wall endocardium and the right side of the ventricular septum. A ventricular bisecting diameter was drawn, with this junction as the starting point. The midpoint of this diameter was used as the center of the short-axis image. From the center, 12 equally spaced radii at 30 degree intervals were generated, dividing the short-axis image into 12 equal segments. To correct for motion of the heart during the cardiac cycle, the computer program translated and rotated the end-systolic image so that the bisecting diameter and center of the end-systolic image were aligned with those of the end-diastolic image in a manner described by Moynihan et al. 22 For each short-axis tomographic image the percent systolic thickening along a given radius was calculated by the following equation: (end-systolic wall thicknessend-diastolic wall thickness)/end-diastolic wall thickness x 100. The percent dyskinesis of each short-axis image was defined as the percentage of radii showing systolic thinning, i.e., negative thickening. Percent dyskinesis at the chordal and papillary muscle levels were averaged and compared with the average infarct size determined in pathologic slices at corresponding levels. Echocardiographic recordings at the mitral valve and apex levels were not used for analysis, since endocardial definition is difficult at the mitral level and there are few landmarks for pathologic correlation at the apex. FIGURE 1. Postmortem barium-gelatin angiograph of a ventricular slice from the chordal level. The circumflex risk region extends clockwise approximately from 3 to 7 o'clock. The coronary artery occluder is seen on the epicardial surface just above the 3 o'clock marker. Several circumflex branches are visible above the 3 o'clock demarcation line; these branches are proximal to the circumflex occluder, and the myocardium they supply is therefore not included in the risk area.
Identification and quantification of risk region and infarct size. At the end of the experiment the animal was anesthetized, heparinized, and then killed by an injection of potassium chloride solution. To identify and quantitate the risk region, we used a technique previously described in detail. 13 The heart was excised and washed with saline, and cannulas were introduced into the left anterior descending, left circumflex, and right coronary arteries. The cannulas were secured with 2-0 silk ties and the coronary vasculature was flushed with heparinized saline to remove all blood. A barium-gelatin-formalin mixture was injected simultaneously into each coronary artery at a perfusion pressure 10 mm Hg above the mean arterial pressure recorded during the last part of the experiment. Perfusion pressure was maintained for 10 min. The cannulas were clamped off and the heart was fixed in a 10% buffered formalin solution. After fixation, radiographs of the whole heart were taken and the ventricles were sectioned into five to seven transverse slices of approximately equal thickness (0.8 to 1.1 cm) parallel to the atrioventricular groove. Radiographs of the ventricular slices were taken without magnification (figure 1). The anatomic perfusion area of the occluded artery, i.e., the area at risk, was determined by following the course of the coronary arteries from slice to slice of the ventricle, with the whole heart radiographs used for reference.
Infarct area was determined by gross pathologic examination and confirmed histologically with sections stained with hematoxylin and eosin. Histologic criteria for myocardial infarction include nuclear pyknosis, hypereosinophilia, karyolysis, fiber fragmentation, polymorphonuclear cell infiltration, and loss of cross-striations of myocardial fibers. 131, 23 At either 2 or 10 days after coronary artery occlusion and reperfusion, the infarcted myocardium could be clearly delineated from the surrounding normal myocardium. A tracing was made of each myocardial slice oriented with the side nearest the base at the top; infarct area was delineated and the risk region was determined from radiographs of the appropriate slice superimposed onto the tracing. A composite drawing including total slice area, infarct area, and risk region area was thus generated for each papillary muscle and chordal level slice. The left ventricular slices were dissected free of the atria and right ventricle and weighed. The total slice area, infarct area, and risk area of the papillary muscle and chordal slices were planimetered. The mass of each risk and infarct region was calculated by multiplying the average area of the two cut surfaces of each slice expressed as a percentage of the total area times the weight of the slice. For each heart these regions were averaged for the papillary muscle level and the chordal level only, since these were the only regions analyzed by echocardiography. Data analysis. The data are presented as mean value ± SE, and the level of statistical significance was p < .05. Differences in percent dyskinesis over time were compared by analysis of variance. Linear regression analysis was perforned to compare the echocardiographic percent dyskinesis with the percent of left ventricle infarcted by pathologic examination and to compare the infarct size and the coronary risk region. Comparisons of infarct size between dogs subjected to I or 2 hr of coronary occlusion were done with an unpaired t test.
Results
Sixty-two dogs were studied. Of these, 13 study and the absence of infarction by pathologic examination. One dog was excluded because of the presence of an old infarct, as determined histologically, in the circumflex distribution. Images from three dogs were not adequate for analysis. Thus data are presented from 37 complete studies. Changes in dyskinesis over time. Change in dyskinesis over time are shown in figure 2. In this figure the dogs subjected to 1 and 2 hr coronary occlusions have been grouped together for data analysis (a separate analysis of these subgroups is presented in the next section). Substantial dyskinesis was present at 60 or 120 min of coronary artery occlusion; dyskinesis decreased at 20 min after reperfusion in both groups. In the group studied after 2 days of reperfusion, the decline in the extent of dyskinesis at 20 min of reperfusion was sig- TABLE 1 nificant compared with the extent of dyskinesis at 1 to 2 hr of occlusion, whereas in the group of animals studied after up to 10 days of reperfusion the decline of dyskinesis at 20 min of reperfusion failed to reach significance when compared with the extent of dyskinesis during coronary occlusion. After 2 days of reperfusion, the extent of dyskinesis in both groups had declined to approximately 50% to 60% of the value at 1 or 2 hr of occlusion. This decline in dyskinesis was significant in both groups. In the 10 day group, extent of dyskinesis did not change significantly between 2 and 10 days of reperfusion.
The pathologically determined infarct sizes were 11 ± 12% of left ventricular mass at 2 days and 7 ± 2% of left ventricular mass at 10 days.
Effect of duration of coronary occlusion on response to reperfusion. Table 1 presents data comparing the dogs subjected to 1 hr of coronary occlusion and 2 days of reperfusion (n = 14) with the dogs subjected to 2 hr of occlusion and 2 days of reperfusion (n = 14). (Nine other dogs underwent 10 days of reperfusion; four were subjected to 1 hr of coronary occlusion and five to 2 hr of occlusion. These numbers are too small to allow valid comparisons between these subgroups.) Despite virtually identical coronary risk areas, the animals subjected to 2 hr of coronary occlusion before reperfusion developed infarctions more than twice as large as those in the 1 hr group (15 ± 5% vs 7 ± 1%; p < .05). Furthermore, although the extent of echocardiographic dyskinesis was nearly equal at the end of the coronary occlusion period, the extent of dyskinesis was significantly reduced by 20 min of reperfusion in the 1 hr group (22 + between percen sional echocar days of reperful significant relal * = 2 days reperfusion n = 28 dogs r = 0.09 A = 10 days reperfusion n = 9 dogs size (r = .09, p = NS at 2 days; r = .29, p -NS at 10 days). In the majority of the dogs the extent of dyskinesis was considerably greater than the extent of infarction. r 0. 29 To ascertain whether the lack of correlation between echocardiographically detected dyskinesis and infarct A size was caused by the pooling of data from dogs with varying durations of coronary occlusion, we subdi-* " * vided the animals studied after 2 days of reperfusion -** into two subgroups: 1 hr of coronary occlusion fol-10 20 lowed by 2 days of reperfusion (n = 14) and 2 hr of To evaluate the effect of extent of transmural necrosis on the correlation between dyskinesis and infarct tered by 20 min of reperfusion in the 2 size after reperfusion, we again subdivided our dogs 3% to 18 ± 4%; p = NS). The extent studied after 2 days of reperfusion into two subgroups: Lfter 2 days of reperfusion and the re-those with a transmural extent of necrosis of less than ion of dobutamine were similar in both one-third the left ventricular wall and those with a transmural extent of necrosis greater than one-third the Iyskinesis relationship. The relationship left ventricular wall ( figure 4 ). We did not similarly it dyskinesis determined by two-dimen-subdivide the dogs studied after 10 days of reperfusion diography and infarct size at 2 and 10 because the number and range of infarct sizes was sion is shown in figure 3 . There was no small. As can be seen in figure 4 , there was no correlationship between dyskinesis and infarct tion between infarct size and percent dyskinesis at 2
Infarcts Less than 1/3 Risk region-infarct size relationship. The relationship between infarct size and risk region size at 2 days of reperfusion is shown in figure 5 . The 14 data points in this figure represent the 14 dogs in the 2 day group in which technically satisfactory angiographic risk region studies were obtained. There was a significant linear relationship between infarct size and risk region size in reperfused myocardium.
Response to inotropic stimulation. At 2 and 10 days of reperfusion, dyskinesis was evaluated during the infusion of dobutamine. Mean heart rates, blood pressures, and extent of dyskinesis just before and during infusion of dobutamine are shown in table 2. At both 2 and 10 days of reperfusion, dobutamine tended to decrease the extent of echocardiographic dyskinesis, suggesting that some dysfunctional myocardium could respond to inotropic stimulation. However, in neither case did the results achieve statistical significance.
When infarct size was correlated with percent dyskinesis during infusion of dobutamine, the correlation was not significant at 2 (r = .25) or 10 days (r = .20). Control animals (after thoracotomy but before coronary artery occlusion) studied during infusion of dobutamine did not manifest dyskinesis in response to this agent.
Discussion
The principal findings of our study are that echocardiographically measured dyskinesis was significantly decreased by 2 or 10 days of reperfusion; however, when extent of dyskinesis at either 2 or 10 days after reperfusion was correlated with infarct size, there was no significant relationship. This finding is in sharp contrast to the good correlation between infarct size and extent of dyskinesis we found previously, using identical techniques, 2 days after permanent coronary artery occlusion. 13 We further found that the relationship between coronary risk region and infarct size remained linear in reperfused myocardium. The correlation between extent of dyskinesis and infarct size did not improve significantly with inotropic stimulation.
Regional myocardial function after coronary artery occlusion. With permanently implanted ultrasonic crystals, regional myocardial function after permanent coronary artery occlusion has been characterized.7-9' 11, 12, 19, 20 Myocardial segments in the distribution of the occluded artery may manifest contractile abnormalities ranging from mild hypokinesis to frank wall thinning or dyskinesis, with the severity of functional derangement inversely related to the severity and distribution of ischemia.9 11 Roan et al. 7 12 studied the fate of various classes of segments over a 1 week period after permanent coronary artery ligation. The degree of functional abnormality present at 24 hr of coronary artery occlusion did not change substantially by 1 week after occlusion. Thus dyskinetic segments remained dyskinetic and hypokinetic segments recovered minimally. In contrast, when coronary artery occlusion is transient, segmental function may improve. 19 20 Functional recovery appears to depend on the duration of ischemia, with best recovery after 2 hr or less of ischemia.19 20 Importantly, functional recovery in those segments that manifest improvement is slow. Thus reperfusion results in significant functional recovery in the canine preparation when the duration of ischemia is less than 3 hr and the recovery period is up to 4 weeks in duration. The long time required for functional recovery of reperfused myocardium presumably accounts for the fairly extensive dyskinesis that persisted in our dogs after 10 days of reperfusion; this dyskinesis was out of proportion to the extent of infarction in most of our animals (figures 3 and 4).
Two-dimensional echocardiographic studies. When echocardiographic extent of wall motion abnormality was compared with infarct size after permanent coronary occlusion, a good correlation was shown. Experimentally, Pandian et al.'3 and Wyatt et al.'4 found correlations between infarct size and extent of dyskinesis ranging from .88 to .94. Similarly, in a clinical study Weiss et al.'5 showed a good correlation between extent of endocardial motion abnormalities and circumferential extent of infarct size (determined at autopsy). Thus clinical estimate of infarct size can be made with two-dimensional echocardiography early after permanent coronary artery occlusion. We specifically undertook the present study to determine whether echocardiography could also estimate infarct size after a therapeutic intervention such as coronary reperfusion. Our findings suggest that accurate estimation of infarct size based on regional wall motion abnormalities after acute thrombolysis may not be possible for more than 10 days after reperfusion. We found no correlation between extent of dyskinesis and infarct size in reperfused myocardium. In most of the animals in our study the extent of echocardiographic dyskinesis overestimated infarct size after reperfusion; this would be expected if there were extensive areas of myocardium that were dysfunctional but not necrotic. Our study is thus a significant extension of the work by the previous investigators in numbers of animals studied, in the variable periods of occlusion, and in the length of our follow-up period (10 days).
We used dyskinesisfrank systolic thinning as our echocardiographic criterion for the presence of a regional contraction abnormality. This is a strict crite-rion. Reductions of systolic wall thickening without actual thinning (i.e., "hypokinesis") have been demonstrated to occur in myocardium with nontransmural ischemia or infarction,25 and such reductions would be missed by our criteria. We chose a strict criterion because many studies in both animals and humans have found that there is heterogeneity of contraction in normal myocardium." [25] [26] [27] [28] Regional thickening of only 1 % or 2% may be a normal finding and not associated with ischemia. On the other hand dyskinesis systolic thinning -is virtually never encountered except in association with ischemia or infarction. Thus we believed that dyskinesis would be a more specific and reliable marker of ischemia than "hypokinesis." This is supported by our previous finding of a good dyskinesis-infarct size correlation after permanent coronary occlusion, where systolic thinning was also the echocardiographic marker. 13 It is possible, however, that in the few animals in which the extent of echocardiographic contraction abnormality substantially underestimated infarct size, our echocardiographic criteria were overly strict and that in at least some of these animals use of a "hypokinesis" criterion would have resulted in a closer match between dyskinesis and infarct size. On the other hand, in the majority of the animals undergoing reperfusion the extent of dyskinesis substantially overestimated infarct size; addition of "hypokinetic" regions to the dyskinetic ones already identified would have made the overestimation even worse.
Lieberman et al.2' found that a threshold of transmural necrosis is necessary to produce dyskinesis after permanent coronary artery occlusion. In their study, dyskinesis was not detected when the transmural extent of necrosis was less than 20%. Because of their findings, we evaluated the possibility that subdividing the infarctions by extent of transmurality of necrosis might improve the dyskinesis-infarct size relationship at 2 days of reperfusion. This was not the case ( figure  4 ). This finding reemphasizes the dissociation between anatomic necrosis and contractile function in reperfused myocardium.
We selected 10 days as the time for our last assessment of dyskinesis-infarct size relationships because this is the point at which patients with an uncomplicated myocardial infarction are frequently discharged from the hospital and the time at which the last inhospital assessment is easily performed. If our results are clinically applicable, they suggest that echocardiographic assessment of infarct sizes may not be accurate at this point in patients who have undergone coronary thrombolysis.
Risk region-infarct size relationships. After permanent coronary artery occlusion, infarct size has been shown to be linearly related to the size of the region at risk. 13 29 This relationship may be altered by the presence of conditions such as hypertension and left ventricular hypertrophy'3 and might also be altered by coronary reperfusion. In our study, we demonstrated that the risk region-infarct size relationship remained linear after coronary reperfusion. Ellis et al."7 showed a significant decrease in infarct size relative to the region at risk when reperfusion followed a 2 hr coronary artery occlusion. Together these studies suggest that infarct size is determined by the risk region, but the amount of the risk region that is infarcted is altered by coronary reperfusion.
The risk region-infarct size relationship has direct bearing on the clinical assessment of benefit from acute thrombolysis. If patients with risk regions of very different size are being compared, any benefit of thrombolysis may be obscured or exaggerated.
Another factor affecting the risk region-infarct size relationship is the duration of coronary occlusion before reperfusion. In our study the infarct size was almost twice as large in the animals subjected to 2 hr coronary occlusions compared with that in animals subjected to 1 hr occlusions. Furthermore, the beneficial response of dyskinesis to reperfusion was slower in the 2 hr group. Thus echocardiographically demonstrated dyskinesis after coronary occlusion and reperfusion is a multifactorial phenomenon; dyskinesis determinants include (but are not limited to) the risk region size, the duration of coronary occlusion, and the duration of coronary reperfusion.
Response of reperfused myocardium to inotropic stimulation. Because myocardium that has been transiently ischemic and then reperfused has a prolonged course of functional recovery, we attempted to determine whether inotropic stimulation30 would assist in distinguishing dysfunctional from necrotic myocardium. Bush et al.20 have shown that moderately to severely dysfunctional segments were responsive to inotropic stimulation by postextrasystolic potentiation after 2 hr of ischemia but not after 4 hr of ischemia despite the fact that overall infarct size, segmental necrosis, and areas at risk were not different for the two groups of dogs. Mercier et al.3 used dopamine to improve segmental function both during coronary occlusion and after a period of reperfusion. In their study, segmental function was unchanged by dopamine during coronary artery occlusion but improved in response to dopamine after reperfusion. Improvement was noted even after an ischemic period of 3 hr. Ellis ly determined systolic wall thickening, found improvement in wall thickening by dopamine after 2 hr of occlusion of the left anterior descending artery with reperfusion. In our study, dyskinesis decreased with dobutamine after both 2 and 10 days of reperfusion and in animals subjected to either 1 or 2 hr of coronary occlusion. These decreases did not reach statistical significance. Dobutamine did not improve the correlation between extent of dyskinesis and infarct size.
In conclusion, our study demonstrates that the extent of two-dimensional echocardiographically measured dyskinesis resulting from 1 or 2 hr of coronary artery occlusion is significantly reduced by reperfusion but then remains unchanged for up to 10 days of reperfusion. Dyskinesis at these times correlated poorly with subsequent infarct size, in contrast to the excellent correlation previously found after permanent coronary artery occlusion. If these results are clinically applicable, they suggest that early assessment of regional dyskinesis after ischemia and reperfusion does not differentiate necrotic from dysfunctional myocardium. Thus the ultimate extent of myocardial injury or salvage may not be predictable by echocardiographic or other techniques that demonstrate regional contraction abnormalities in myocardial infarction.
